Molecular recognition of the amphiphilic electron carrier ubiquinone (Q) by respiratory complexes is a fundamental part of electron transfer chains in mitochondria and many bacteria. The primary respiratory complex I binds Q in a long and narrow protein chamber to catalyse its reduction. But, the binding mechanism and the role of chamber hydration in substrate selectivity and stability are unclear. Here, large-scale atomistic molecular dynamics simulations and estimated free energy profiles are used to characterize in detail the binding mechanism to complex I of Q with short and with long isoprenoid tails. A highly stable binding site with two different poses near the chamber exit and a secondary reactive site near the N2 iron-sulfur cluster are found which may lead to an alternative Q redox chemistry and help to explain complex I reactivity. The binding energetics depends mainly on polar interactions of the Q-head and on the counterbalanced hydration of Q-tail isoprenoid units and hydrophobic residues inside the protein chamber. Selectivity upon variation of tail length arises by shifting the hydration balance. This internal hydration mechanism may have implications for binding of amphiphilic molecules to cavities in other membrane proteins.
Introduction
Respiratory complex I also known as NADH:ubiquinone oxidoreductase is the * To whom correspondence should be addressed main entry protein of electron transfer chains in the inner membrane of mitochondria and in many bacteria. It catalyzes oxidation of nicotine adenine dinucleotide (NADH) through a flavin mononucleotide and a chain of iron-sulfur (FeS) clusters to reduce ubiquinone (Q), an amphiphile composed by a p-benzoquinone ring (Q-head) attached to an isoprenoid chain (Q-tail), which diffuses along the membrane and carries electrons to subsequent respiratory complexes. Complex I is also a reversible proton pump and couples the redox process with generation of an electrochemical gradient across the membrane, thus contributing to ATP synthesis 1-5 . As an essential metabolic enzyme and a primary site for production of reactive oxygen species, malfunction of complex I has been linked to several common neuromuscular, degenerative and metabolic diseases, ischemia-reperfusion injury and aging 6, 7 .
Complex I is one of the largest asymmetrical membrane proteins known. The prokaryotic enzyme is usually composed by 14 core subunits (550 kDa mass) containing all the redox centers and proposed proton pumping channels. These subunits are sufficient for catalysis and highly conserved from bacteria to human enzymes. The mammalian complex I has 31 additional supernumerary subunits (total of 45 subunits and 980 kDa mass) involved in complex assembly, stability and specialized metabolic roles.
The first entire atomic structure of complex I was determined 8 for the eubacterium Thermus thermophilus enzyme by X-ray crystallography with a resolution of 3.3Å. The L-shaped structure is composed by a membrane-bound arm where the proton channels are located, and a hydrophilic peripheral arm where all the redox cofactors and NADH binding site are found (Figure 1A) . Mitochondrial structures from the yeast Yarrowia lipolytica 9 and from several mammals (bovine, 10 ovine, 11 porcine 12 and mouse 13 ) determined more recently by cryo-EM experiments revealed the external location of supernumerary subunits forming a protective shell around the core. The overall geometry of the core subunits is similar in all determined structures which suggests conservation of Q binding and catalytic mechanisms among species.
A 35Å long and narrow Q binding chamber was identified on the interface of subunits Nqo4 (49kDa in bovine nomenclature), Nqo6 (PSST) and Nqo8 (ND1) in the T. thermophilus structure (Fig. 1B) . This remarkable protein cavity (Q-chamber) starts on top of a cleft between subunits Nqo4 and Nqo6 where the substrate Q-head may bind, receive electrons from the nearby N2 FeS cluster (center-to-center distance ∼13Å) and form hydrogen bonds through its carbonyl oxygens to the side chains of Nqo4 Tyr87 and His38, which are both invariant and required for full enzymatic activity. X-ray data show the inhibitor piericidin A and the substrate analogue decylubiquinone, both containing short hydrophobic tails, bind in the Q-chamber at this position. 8, 9 The chamber continues through an amphipathic region, roughly composed by a charged surface facing the membrane arm and by a large hydrophobic patch on the opposite side (Figs. 1B and C). It ends exposed to the lipid membrane in an exit formed by Nqo8 helices TM1, TM6 and amphipathic helix AH1. The Q-chamber geometry and the free volume available to accommodate Q inside are similar among all determined active structures. [8] [9] [10] [11] 13 Although complex I has been cocrystallized with small Q analogs, 8, 9 it is still unclear how natural substrates with long isoprenoid chains such as ubiquinone-10 in cyan and Nqo8 in pale green that form the Q-chamber with Q 10 colored in green and red alternating for each isoprenoid unit. Elements of secondary structure and residues (green sticks and pink spheres) discussed in the text are indicated. Purple spheres show Nqo8 residues Glu163, Glu213 and Glu248 of the proposed E-channel. 8 (C) Molecular surface of bound Q colored by the first solvation layer: yellow is a hydrophobic residue, red is a hydrophilic residue and blue is water. (Q 10 ) will bind and how many stable binding sites or poses may be present inside the long Q-chamber. Will each putative binding site lead to different Q redox chemistry? Is binding dominated by Q-head or by Q-tail interactions? Does water penetrate in the Q-chamber and play a role during binding? Answers will help to understand the mechanism of substrate binding in the amphipathic Q-chamber and to design more potent and selective inhibitors.
Molecular simulation is a valuable tool to investigate binding pathways and energetics of ligands complexed to protein tunnels or cavities. [14] [15] [16] [17] [18] [19] For instance, unbinding of a small ligand from the prototypical T4 lysozyme engineered cavity has been shown to proceed through multiple competitive tunnels in the protein. 19 Pathways of plastoquinone exchange along different channels in the photosystem II complex have been determined by coarse-grain models 20 . For the respiratory complex I, a recent simulation study 21 explored how the Q redox state modulates binding in the Q-chamber and triggers the coupled proton pumping.
Here we present large scale molecular dynamics simulations and estimate free energy profiles for binding of Q with long (Q 10 ) and short (ubiquinone-2, Q 2 ) isoprenoid chains to the hydrated chamber inside complex I from T. thermophilus. Notably, our model is based on the entire complex I structure 8 with corrected coordinates for Nqo6 loop α2-β2 and on a calibrated force field for Q, 22 as described in the next section. Results show Q is stable in two separated binding and reactive sites, respectively near the Q-chamber exit and cluster N2. The binding site (BS) is broad with at least two different stable poses. The binding mechanism depends on an interesting but previously uncharacterized interplay of Q-head interactions and hydration of both Q-tail and internal chamber residues. We discuss the implications for substrate selectivity and reactivity catalysed by complex I and conlcude this binding mechanism may be employed by amphiphilic molecules binding to other membrane proteins.
Computational Methods

Set-up of protein model and molecular dynamics simulations
The X-ray structure of the complete respiratory complex I from T. thermophilus (PDB ID: 4HEA) 8 was used to build the protein model. All core subunits (Nqo1-14) and two accessory subunits Nqo15-16 found in species related to T. Thermophilus were included. Coordinates for internal segments from subunit Nqo3 (residues 56-72 and 144-147) missing from the PDB file were constructed de novo using MODELLER (version 9.15) 23 with default settings. The Nqo3 residues are distant from the Q-chamber by more than 50Å. Nqo6 residues 65-69, also missing from the PDB file, are located in the Q-chamber and in direct contact with bound Q. These residues are part of loop α2-β2 found in a different conformation in the corresponding PSST domain of the resolved active mammalian structures 10, 11, 13 (Fig. S2 ). Thus, we decided to rebuilt the entire loop (segment between residues D55-P72 of Nqo6) with MODELLER but using the equivalent segment (A82-P98 of subunit PSST) from the ovine enzyme (PDB ID: 5LNK) 11 as a structural template. The other two flexible loops in the Q-chamber (Nqo4 β1-β2 and Nqo8 TM5-TM6) should be in appropriate position for Q binding as the T. thermophilus structure was co-crystalized with a substrate analogue. The rebuilt coordinates are in excellent agreement with a refined model for the T. Thermophilus structure (Leonid Sazanov -IST Austria, personal communication) in which coordinates for Nqo6 loop α2-β2, including residues 65-69, were rebuilt directly from re-refinement of the original electron density. 8 Protonation states of side-chains were adjusted to neutral pH (positive charge for K and R, negative for D and E, and neutral for all other residues), except for Nqo4 His38 which was protonated. All FeS centers were modeled in their reduced form. Equivalent charge states were used in previous simulations. 24 Ubiquinone was modeled in the oxidized form with 10 (Q 10 ) or 2 (Q 2 ) isoprenoid units. Q 2 was first docked in the reactive position near Nqo4 Tyr87 and His38 using AutoDock 4. 25 The remaining isoprenoid units for Q 10 were manually placed along the Q-chamber 8 in an extended conformation. The last two isoprenoid units in Q 10 pass through the least narrow Q-chamber exit formed between Nqo8 helices TM1, TM6 and AH1 and are exposed to the lipid membrane. All protein atoms remained in their X-ray structure as the Qchamber has enough free volume to accommodate Q without protein movements. The protein complex was embedded 26 in a solvated POPC (1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine) membrane with 1036 lipid molecules, 192951 water molecules, and 650 Na + and 607 Cl − ions to neutralize the total system charge and keep a 0.1 M salt concentration, resulting in a total of 794102 atoms. This model was relaxed during two molecular dynamics simulations of 100 ns each, first with all protein heavy atoms tethered to their initial position by harmonic restraints, then with all atoms free to move. This procedure resulted in the initial structural model used for the free energy simulations.
Modelling of the Q binding process requires a balanced description of Q interactions with the hydrated protein interior and the lipid membrane. This was accomplished by using a calibrated force-field for Q, previously shown to give very good agreement between simulated and experimental water-to-membrane partition coefficients and free energies. 22 Interactions of protein, lipids and ions were described with the all-atom CHARMM36 forcefield. 27, 28 Water was represented by standard TIP3P. 29 FeS centers were described using the Chang & Kim 30 parameters with corrections proposed by McCullagh & Voth. 31 These corrections are important to keep the cuboidal structure in Fe 4 S 4 clusters.
All molecular dynamics simulations were performed with GROMACS (versions 5.1.3 and 2016.3) 32 at constant temperature of 310 K, pressure of 1 atm and a time step of 2 fs. Long-range electrostatics was treated with the Particle Mesh Ewald method. 33 Further details are given in the Electronic Supplementary Information (ESI). Visualization and figure plotting were done using PyMol 34 and Matplotlib. 35 All simulation data and workflow scripts are available from the authors upon request.
Reaction coordinates and free-energy calculations
Two reaction coordinates were used to describe the Q binding process: the distance between the centers of mass (dCOM) of the six carbon atoms in the Q ring and ten C α of residues in subunit Nqo4 surrounding the Q-head in the reactive site (Fig. S1 ); and a pathway collective variable (Path CV) 36 using a distance metric 16, 17 as implemented in PLUMED 2.3.1 37 between the Q-head and 55 C α of residues in subunits Nqo4, Nqo6 and Nqo8 ( Fig. S1 ) in direct contact with Q inside the chamber. The Path CV was evaluated with respect to 30 milestone configurations representing progressive binding of Q along the chamber (see ESI Methods). These two kinds of reaction coordinates have already been used successfully to describe ligand binding along protein tunnels or cavities. [16] [17] [18] [19] Results are presented using the shifted coordinate sdCOM = 4 nm − dCOM, so that entrance of Q from the membrane into the Q-chamber proceeds from low to high values and is seen from left to right in the figures shown. This representation is more intuitive than using dCOM or Path CV, which run from high to low values during entrance of Q. All the conclusions drawn here are equivalent when projections over either dCOM (and its sdCOM representation) or the Path CV are used to describe the results ( Fig. S5 and ESI).
Free energy profiles for Q binding were estimated with umbrella sampling (US) simulations. 38 Initial configurations for each umbrella window were generated from the initial structural models described above by pulling the terminal carbon in the isoprenoid tail along the membrane plane (XY direction) with a pulling velocity of 0.2 m/s. About 50 ns of steered molecular dynamics were enough to drive Q from the initially prepared reactive configuration (dCOM=0.4 nm) towards protein dissociation to the membrane (dCOM=4.1 nm). US windows separated by 0.1 nm were chosen to cover the full range of dCOM, which was restrained with a harmonic potential with force constant k umb,dCOM = 2000 kJ mol −1 nm −2 . Additional windows were introduced to increase sampling and overlap of the dCOM and Path CV distributions, which were then restrained with force constants k umb,dCOM = 200 and k umb,P ath = 200 kJ mol −1 nm −2 . A total of 55 and 46 windows were used to emulate binding for Q 10 and Q 2 , respectively (Table S1 ). Each coordinate window was sampled for 200 ns for Q 10 and 150 ns for Q 2 , with a sample collected every 20ps. Total aggregate simulation time was over 28 µs, including preliminary runs shown in the ESI. Potentials of meanforce were obtained from the 2D reaction coordinate distribution with WHAM 38,39 and the statistical uncertainty was estimated as 95% confidence intervals by bootstrap analysis with 50 resampling steps. 40 The initial 50 ns of each window were discarded to allow equilibration of orthogonal degrees of freedom. The 1D profiles shown are projections over the minimum 2D free energy pathway. All calculated properties such as number of contacts, hydration, COM distances, etc, were collected over the aggregated windows for each US simulation, binned along the reaction coordinate and averaged for each bin.
Results
Q transits through a hydrated chamber with a highly stable binding site Q binding is described here by the reaction coordinate sdCOM (see Methods and Fig. S1 ). Entrance of Q from the lipid membrane into complex I corresponds to sdCOM running from low to high values. Figure 2 shows the free energy profile for Q 10 binding estimated from umbrella sampling with molecular dynamics simulations. Before entrance of Q, the chamber interior in complex I is filled with tens of water molecules ( Fig. S4 ). To initiate the binding process, a Q 10 molecule approaching from the membrane pool will exchange contacts with lipids for exposed hydrophobic residues in Nqo8 helices TM1, TM6 and AH1 (denominated CE position, inset I of Fig. 2A . See also Figs. 2E and S3B). The hydrophobic and flexible isoprenoid Q-tail often folds on itself ( Fig. S6A ) and the average Q-head distance to the membrane center is only 0.2 nm higher than the equilibrium distance when Q is free in the lipid (Fig. 2B ). This should minimize the free energy cost associated with formation of the initial protein-Q encounter complex. 22 The Q-head passes through the hydrophobic chamber exit at sdCOM=0.4-0.6 nm ( Fig. S6A ) with almost no energy cost as there is enough area for Q transit without significant protein deformation ( Fig. S6B) .
A broad and highly stable binding site is found between 1.0<sdCOM<1.5 nm (BS position, inset II in Fig. 2A ) with two isoenergetic binding poses: at sdCOM=1.1 nm, the Q-head is highly hydrated and at sd-COM=1.4 nm, Q oxygens form hydrogen bonds with conserved Nqo8 Arg36 and Lys65 (Fig. 3A) . This is the global minimum of the free energy profile, suggesting that complex I will be frequently loaded with a Q 10 molecule at this site. Hydrophobic residues internal to the Q-chamber dehydrate due to entrance of Q and partial expulsion of water molecules from the chamber to the aqueous phase ( Fig. 2C ). Q-head interactions with hydrophobic groups decrease, hydrophilic contacts are formed and hydration increases from an average of 2 water contacts in sdCOM=0.3 nm to almost 5 contacts in sdCOM=1.2 nm (Figs. 2D and 2F).
As Q 10 proceeds into the chamber, the free energy increases through a sequence of shallow local minima and reaches a plateau of ∼37 kJ/mol between 2.6<sdCOM<3.4 nm ( Fig. 2A ). Considerable wetting of isoprenoid units 1 to 4 is observed in the same sdCOM range ( Fig. 2G ).
In the minimum found at 3.2<sdCOM<3.4 nm, a Q carbonyl oxygen can form a hydrogen bond with the protonated Nqo4 His38 sidechain (pre-RS position, Fig. 3B ). Q is still far from Nqo4 Tyr87 and the other closest acidic residue, Nqo8 Glu225, is more than 8Å away.
In order to form hydrogen bonds with both His38 and Tyr87, the barrier at sdCOM=3.45 nm has to be transposed.
A metastable reactive site (RS position, inset III of Fig. 2A ) is found at 3.5<sdCOM<3.65 nm where the lowest free energy is 42 kJ/mol (inset IV of Fig. 2A ). The chamber is more hydrophobic in this region ( Fig. 1C ) and the Q-head dehydrates to form hydrogen bonds with both Tyr87 and His38 (Figs. 2D and 2F). The Q-head is 13Å from the N2 cluster, in appropriate position to be reduced to the quinol form ( Fig. 3B ). Two other minima may be identified in the RS (using the Path CV reaction coordinate, Fig. 3C ), with the Q-head performing only one hydrogen bond with either Tyr87 (Path CV=4) or His38 (Path CV=3), as found in a previous simulation. 41 There is a network of ionic side chain contacts near the Q-chamber ( Fig. S3A ). While part of these contacts remain stable during the full binding process (for instance, Nqo8 Arg294 and Lys65. See Fig. S7 and the associated Supplementary Results), some ionic contacts are perturbed either by hydrogen bonding with the Q-head (Nqo8 Arg36 and Nqo6 Arg69) or indirectly (Nqo8 Arg216) via a combination of electrostatic interactions.
In the proposed E-channel ( Fig. 1B) , Nqo8 Glu213 approaches Glu163 at 2.2<sdCOM<3.5 nm in response to coordination with Arg216, which also depends on contacts with Nqo8 Glu248 and the highly flexible Glu223 (Fig. S7 ). These correlated motions might link Q transit with activation of the E-channel and proton pumping in the membrane arm.
A shorter isoprenoid tail increases stability of Q in the reactive site Although natural complex I substrates have 6 to 10 isoprenoid units, experiments are often carried out with more soluble short-tail analogues. 1,42-45 The effect of Q-tail length on binding was investigated by simulating Q 2 as shown in Fig. 4 . The free energy profile is similar to Q 10 binding up to Q entrance in the BS (sdCOM<1.5 nm, Fig. 4A ). The only difference is the relative smaller stability of the hydrated BS pose for Q 2 (sdCOM=1.1 nm). Hydration of the Q 2 -tail and the chamber interior, and contacts performed by the Q 2 -head ( Fig. 4B -D) are also equivalent to those performed by Q 10 up to this point of the binding process.
As Q 2 proceeds into the chamber, the free energy increases steeply and reaches a rough plateau of ∼45 kJ/mol between 2.3<sdCOM<3.1 nm ( Fig. S3C ). Unfavorable hydration of the isoprenoid tail and of hydrophobic residues inside the Q-chamber also increase in this profile region (Figs. 4B and D).
At sdCOM∼3.2 nm the free energy decreases simultaneously to dehydration of the Q 2 -tail and of chamber residues near the more hydrophobic RS (Figs. 4D and S6D). During the Q 2 binding process, water contacts with hydrophobic residues inside the chamber decrease for sdCOM≤1.7 nm when the Q-tail is occupying the BS, then increase until sdCOM∼2.7 nm due to re-hydration of residues near the BS and the chamber exit, and decrease again as the Q-head approaches the RS (Figs. 4B and S6E).
The barrier at sdCOM∼3.4-3.5 nm separating the RS is independent of Q-tail length (13 kJ/mol for Q 2 and 15 kJ/mol for Q 10 , Figs. 4A and 2A) and corresponds to dissociation of the hydrogen bond formed between the twisted His38 side chain and a Q carbonyl oxygen. As the Q-head enters the RS, His38 flips back and reforms contacts with the Qhead and Nqo4 D139 (Figs. 3B and S7E). At the RS, Q 2 has only one clear local free energy minimum (Fig. S5E ) which is 20 kJ/mol more stable than the Q 10 minimum at the RS. Inset I shows the structure of complex I with Q 2 at the binding site (BS) and inset II zooms in the RS region. (B) Water contacts to hydrophobic (green) and hydrophilic (blue) protein residues internal to the Q-chamber. (C) Q oxygen contacts with hydrophobic (black) and hydrophilic (red) groups; (D) Water contacts with Q 2 isoprenoid units 1 (green) and 2 (blue).
Discussion
Binding stability depends on Q-head interactions and on counterbalanced hydration of Q-tail and chamber residues
The free energy profiles estimated here for Q binding into complex I may be rationalized by the interplay of Q-head interactions and hydration of both Q-tail and apolar residues inside the amphipathic Q-chamber.
For initial binding of either Q 2 or Q 10 , the Q-head exchanges unfavorable hydrophobic interactions with lipids and the apolar protein exterior for stabilizing hydrophilic interactions inside the BS. Hydration of the iso-prenoid tail is minimal and entrance of Q expels to the aqueous phase part of the water molecules in contact with apolar residues near the chamber exit. These interactions and the considerable driving force (stabilization of 20-25 kJ/mol) for initial Q binding are independent of tail length.
However, internal hydration varies with the length of the Q-tail as binding proceeds towards the RS (Fig. S4 ). For Q 10 , hydrophobic residues in the chamber are continuously dehydrated due to internal water expulsion by the long Q-tail and the free energy increases mostly due to hydration of isoprenoid units. For Q 2 , both isoprenoid tail and apolar residues near the chamber exit are hydrated, leading to an even higher free energy. As Q 2 approaches the more hydrophobic RS, the free energy decreases due to partial dehydration of the short isoprenoid tail. For Q 10 , the free energy remains relatively stable while approaching the RS because dehydration of primary isoprenoid units (1-2) is compensated by hydration of units (5-6) in the middle of the Q-tail. This balanced internal hydration is a particular case of hydrophobic effect that may be employed for selective recognition of amphiphilic ligands. 46, 47 The amphipathic nature of the Q-chamber (Fig. 1C ) is conserved among species (Fig. S3D ) suggesting the balance of interactions described here is essential for binding of the amphiphilic Q molecule. In fact, the role of long isoprenoid tails in dewetting the Q-chamber may have exerted part of the evolutionary pressure that led to complex I natural substrates with 6 or more isoprenoid units.
The extent of internal hydration in the Qchamber may be questioned 48 since the resolution of available complex I structures (3.3 A at most 8,13 ) is not enough to determine the position of water molecules. But, water access to binding sites and the interior of stable proteins is fast and frequently observed. 46, 49, 50 The high water content found inside the Q-chamber here and in previous simulations of complex I 24,51 may also play a structural role for stabilization of the network of ionic residues found near the Q-chamber by shielding part of the unfavorable dielectric effect of charges buried in a protein. 52 In mitochondrial complex I, external supernumerary units 9-11 may decrease water penetration in the Q-chamber, and hence lead to a relatively less stable minimum for Q binding in the BS and lower free energies for Q reaching the RS.
Mechanistic interpretations in comparison to previous experiments and future proposals
The high affinity BS found near the Qchamber exit will be often loaded with a substrate molecule, even if Q is depleted from the membrane pool. Unwanted or reverse redox reactions involving Q bound in the BS will be minimized given the large distance to FeS centers. 53 A sequential and separated BS in the Q-chamber 3,54 is supported experimentally by the slow-relaxing EPR signal (SQ N s ) attributed to semiquinone radical interaction with cluster N2 separated by ∼ 30Å (Fig. 2B ), [55] [56] [57] and by auto-inhibition of complex I reductase activity observed in high concentrations of short-chain Q substrates. 42, 43, 58 However, neither Q with a short or long tail have been observed bound to the BS in reported complex I structures. The intensive treatment with detergent used for protein purification will wash out endogenous Q. The BS has a broad free energy basin, where at least two Q-head poses were found (Fig. 3A ). This will blur Q densities and difficult the resolution of a unique binding position. Dehydration of the water rich BS during crystallization may also destabilize Q binding at this site, in favor of the less hydrated RS. The relative free energy difference between both sites is quite low for short Q-tail and may depend on medium composition or even be reversed in crystals. 8, 9 Structural determination carried out using lipid phases with high content of Q 10 or longtail analogues may be able to observe Q bound to the BS. During enzyme turnover, Q binding to the BS is expected to involve a fast pre-equilibrium in relation to slower formation of the RS state. This could be probed by pre-steady state experiments of burst kinetics, analyzing the relaxation time in different substrate concentrations. 59 The pre-RS pose (sdCOM=3.3 nm) found here with Q protonation only by His38 for both Q 10 and Q 2 suggests a secondary site for Q reduction and possible production of QH (·) semiquinone radicals. 56, 57 This could be an alternative reduction mechanism when re-protonation of Tyr87 during turnover has been impaired or when Tyr87 is mutated (Table S5 ). 60 For two-electron reduction, the high basicity of Q 2− or even QH − suggests that the second proton to form the quinol could be borrowed from a water molecule present in the chamber. The pre-RS site corresponds to the position occupied by the inhibitor 4-quinazolinylamine co-crystalized with the Y. lipolytica complex I structure. 9 This site distance to the N2 cluster is 13-15Å ( Fig. 2B) , also in line with the fastrelaxing EPR signal (SQ N f ) attributed to semiquinone formation. [55] [56] [57] The experimental turnover rate of complex I catalysis is similar for reduction of Q with 10 to 4 isoprenoid units (average k cat =380±39 s −1 ), but decreases significantly for Q with shorter tail (k cat =138±7 s −1 for Q 2 reduction). 48 This rate drop-off may be interpreted by assuming the intrinsic barrier for redox conversion of oxidized Q to quinol (QH 2 ) bound at the RS is independent of Q-tail length and by noting that free energies calculated here show similar barrier heights for Q 2 and Q 10 but higher stability for Q 2 (favored by 20 kJ/mol when bound at or near the RS). Thus, the rate-limiting step in the slower Q 2 turnover should change in relation to Q with long tails and take place after formation of bound quinol, probably product release. Due to high stability of Q bound to the BS and possible fast Q entrance inside complex I (high k on ), a second short-tail substrate molecule may easily enter the chamber after the first one, and block dissociation once the first is reduced. This would not occur for Q with a long tail which occupies the BS and is also in line with the auto-inhibition of complex I activity observed in high concentrations of Q with short tails. 42, 43, 58 Another molecular dynamics simulation study of Q binding into the chamber in complex I was recently published. 21 A free energy profile obtained with umbrella sampling was shown for Q 1 binding and a stable BS was also found. The profile is qualitatively similar to the Q 2 profile presented here, but with lower free energies for Q moving towards the RS. Q 10 binding was also studied, with an approximate diffusion model. The resulting free energy profile is almost flat and completely different from the Q 10 profile presented here. These differences may be due to the unpublished force-field, truncated complex I structural model and significantly shorter (10× to 20× less than here) simulation times used and precluded analysis of chamber hydration along the binding process. 21
Conclusions
Free energy profiles obtained with large-scale molecular dynamics simulations for binding of amphiphilic molecules Q 2 and Q 10 into complex I were presented here. A secondary reactive site was found near cluster N2 with Q-head protonation by the rotated His38 side-chain. This site may lead to an alternative Q redox chemistry. A binding site near the chamber exit was also found with two binding poses stabilized by hydrophilic Qhead contacts. The profiles also help to interpret previous complex I observables, propose novel experiments to confirm the stability of Q at the secondary binding site, and suggest that mechanistic inferences of complex I binding and activity of natural Q substrates should be made with caution when based on experiments with short tail analogues.
Interestingly, the energetics of Q transit inside the chamber towards the reactive site is determined by the balanced hydration of Q-tail and of apolar residues within the Qchamber. The Q-tail length modulates substrate selectivity by shifting this balance: a long tail will expel more water molecules from the Q-chamber but also bear more isoprenoid groups hydrated by the remaining internal water, whereas a short tail will leave more water inside the chamber and in contact with hydrophobic residues. This mechanism may be employed by amphiphilic molecules binding to internal hydrated cavities in other membrane proteins, such as lipid flippases and scramblases 61 or fatty acid-binding proteins. 62 
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Supplementary Methods
The structure of complex I from T. thermophilus 8 did not contained a bound NADH, so this substrate was not included in the computational model. The NADH binding site is located more than 50Å from the Q-chamber. Given the total simulation time per sampling window, it is unlike that any structural perturbation near the Q-chamber could have been caused by lack of NADH in the model. A disulfide bond was included between residues Nqo2 C144 and C172. All missing atoms in chain terminal regions were not built in the model nor considered for analysis. The only missing terminus that might be located close to the Q-chamber is Nqo6 residues 1-15 (sequence MALKDLFERDVQELE). This N-terminus has amphipathic character with many charged residues and the sequence is not conserved among species. Thus, it should not penetrate in the membrane nor perturb Q attachment to the nearby chamber exit formed by Nqo8 helices TM1, TM6 and AH1. It should be mentioned that other Q-chamber exits exposed to the lipid membrane have been proposed, including TM1 and TM7, or TM5 and TM6, both together with AH1, all from subunit Nqo8 (or the equivalent ND1 in bovine). 8, 10, 13 These other proposals were not considered here as they show narrower exits and should require significant protein movement for passage of the Q-head. Although Nqo4 loop β1-β2 and Nqo8 loop TM5-TM6 have been observed in different conformations, [9] [10] [11] the position of these loops in the T. thermophilus structure should be appropriate for describing Q binding as it was co-crystalized with Q analogues. 8 All protein hydrogens atoms were built with the GROMACS utility 32 during model construction. The NPT ensemble was used in all simulations. Temperature was maintained with the Bussi thermostat 63 and a coupling constant of 0.1 ps with two separate coupling groups (water plus ions and everything else). Pressure was kept with the Berendsen barostat 64 during the initial equilibration and with the Parrinello-Rahman barostat for the umbrella sampling simulations with a coupling constant of 1 ps and a compressibility of 1.10 −5 bar −1 . Semi-isotropic coupling in the direction normal to the bilayer was applied. A real space cutoff of 1.2 nm was used for PME electrostatics and van der Waals interactions. No dispersion corrections were applied. All covalent bonds were constrained using LINCS. 65 For both Q 10 and Q 2 simulations, US windows were separated by 0.1 nm in the dCOM range 0.43-3.43 nm and 3.60-4.10 nm that covers binding through the entire Q-chamber and the membrane exit. Residues used for the definition of both reaction coordinates are shown in Fig.S1 . Additional windows were placed with reference dCOM and Path CV as shown in Table S1 . Coordinate distributions were checked for sufficient overlap between adjacent 2D-windows, as required by the WHAM procedure. Two Supplementary Files are included: coordinates of the 30 milestone configurations used for calculation of Path CV; and the initial Q 10 -bound structure used for all simulations. Results can be fully reproduced using these files and the information described here. In all analysis shown, a contact was considered when the distance between any pair of atoms in each group was smaller than 3.5Å. Table S2 shows the atoms included on each group. Isoprenoid units were composed of 5 carbons and the 8 bound S1 hydrogens, except for the terminal isoprenoid-10 with an extra hydrogen.
The choice of reaction coordinate is crucial for reliable calculation of free energy profiles. A simple distance metric between a reference point in the protein and another in the ligand would suffice to describe transit along the Q-chamber if it was homogeneously thin and tight, like a perfect tunnel. However, the Q-chamber BS and RS are relative bulky cavities where different poses and interactions may correspond to the same reference distance. In these sites, a simple distance metric becomes ill-defined and sampling with only one control coordinate such as dCOM would be flawed. In order to help resolving Q transit inside the full chamber, the Path CV coordinate based on milestone configurations along the binding pathway was used here. 17 Two-dimensional free energy surfaces are shown in Fig. S5A and B . They are rather diagonal, indicating that expression of results using projections on either dCOM or Path CV coordinates would lead to equivalent conclusions. For instance, the projected profiles in Fig. S5C and D are qualitatively similar displaying the same number of local minima, maxima and relative energies, except for the end of the Path CV profile (Path CV>26) which is more compressed due to the smaller number of milestone configurations used in this region. Two-dimensional profiles are used here to resolve the profile minima in the RS region, as shown in Figs. 3C and Fig. S5E .
Given the size and complexity of the simulated system, it is unlike that all degrees of freedom were fully sampled in our simulations. However, the most important ones -hydration of the chamber interior and Q-tail -appear to have been well sampled. Water exchange from the protein interior was fast (∼2 ns) 50 and hydration of different groups in the Q-chamber and the Q-tail equilibrated in less 50 ns in all US windows. Figs. S2D/E show that stabilization within statistical uncertainty of the free energy calculated for Q bound in the RS state (∆G RS ) is observed with an equilibration time of 40-50 ns and acquisition time of 80-90 ns per US window. This point of the profile has the slowest convergence over all US simulations presented here. Error bars (blue shadows) in free energy profiles indicate the sampling statistical uncertainty only. Imperfections in model composition and structure or in the interaction force-field may also introduce systematic errors, which unfortunately are difficult to estimate. Nevertheless, the favorable comparison between three different profiles obtained from different starting structures for Q 10 ( Figs. 2A and S2C ) and Q 2 (Fig. 4A) suggest that our results have at least semiquantitative precision.
Supplementary Results & Discussion
Structure of Nqo6 loop α2-β2
As described in the Methods section of the main text, the protein model used here was based on the structure of the respiratory complex I from T. thermophilus (PDB ID: 4HEA) 8 , with Nqo6 loop α2-β2 rebuilt using the loop in the ovine enzyme as a template (Fig. S2A) . The resulting loop structure after relaxation is very close to other mammalian enzymes, including the recent mouse structure (PDB ID: 6G2J) 13 determined with a 3.3Å resolution (RMSD of 0.14 nm, Table S3 ). The original (4HEA) Nqo6 loop α2-β2 structure is quite different (RMSD of 0.56 nm). Hence the RMSD of 0.18 nm found for Q-chamber in comparison to the 4HEA structure in Table S3 is caused completely by deviations on this Nqo6 loop.
In preliminary simulations shown in Fig. S2 , the missing Nqo6 residues 65-69 were built with MODELLER de novo, i.e. without a structural template. A rather different loop structure was obtained as shown in Fig. S2B , with divergent positions of highly conserved Arg69 and Arg62. This difference had a profound impact on the calculated free energy (Fig. S2C) . The profile in sdCOM<1.5 nm is similar to Fig. 2A in the main text, as Q is still distant from Nqo6 loop α2-β2. However, the bumps found in between 1.5<sdCOM<2.5 nm (Fig. S2C ) are due to artificial interactions of Arg62 with the Q-head. These are not observed in the main text simulations as Arg62 is distant from the Q-chamber when the Nqo6 loop structure is based on the ovine enzyme ( Fig. S2B) . Differences in the profiles are even more pronounced when Q is bound at the RS. In fact, no (meta)stable free energy minimum is found in the RS, as Arg69 artificially binds the Q-head instead of the protonated Nqo4 His38 (Fig. S2B) . Thus, caution should be used when building loop segments de novo, particularly if the built residues are in contact or near the protein region to be studied in detail.
Modelling limitations
Based on the complex I structure co-crystalized with a substrate analogue, 8 our initial model should be appropriate to study Q binding in the internal chamber formed by subunits Nqo4, Nqo6 and Nqo8. This Q-chamber is rather stable and shows similar conformations among different species (Table S3 ). But the flexible Nqo6 loop α2-β2, originally with a missing segment, 8 had its structure rebuilt here using the ovine loop 11 as a template. Such structural refining turned out to be important to describe Q stability in the RS (Fig. S2) .
Given an appropriate structural model and a reasonable description of Q interactions, 22 accurate simulation of Q binding also requires sampling the configurational space. The narrow and conformationally restrict Q-chamber suggests that configurational freedom of groups inside will be small and that description of ligand binding with a simple distance coordinate may be accurate. However, the BS and the RS are bulky cavities and a more elaborate control coordinate such as the Path CV 17 had to be employed (see SI Methods). Formation of the initial ligand-protein encounter complex with Q still in the membrane or crawling over the protein surface in order to find the exposed chamber exit were not considered here. Although these may contribute to the binding free energy, simulating processes with Q outside the chamber requires sampling a much larger configurational space or using elaborate spacial restrictions. 66 Protein contacts and flexibility along Q-binding Q transit may be described starting from the chamber exit when the Q-head is in contact with apolar residues in helices Nqo8 TM1, TM6 and AH1 (Fig. S3B) . Once inside the chamber and towards the BS, the Q-head is close to the Nqo8 loop TM5-TM6 (in the membrane arm side) and TM1 (in the opposite side), and with Nqo6 β1-strand and loop α1-β1. After the BS, when the chamber has a turn upwards, the Q-head interacts mostly with Nqo6 helix α2, loop α2-β1, β1-strand and turn α4-α5. Once in the RS, the Q-head forms contacts with Nqo6 α2 (and the nearby loop α2-β1 that binds the N2 cluster) and Nqo4 loop β1-β2, end of α4 and C-terminus helices and loop α2-α3 (Fig. 1B) .
The Q-chamber backbone and all described secondary structures remain stable during the simulations. For Q 10 , root mean-squared deviations (RMSD) of C α position for chamber residues vary between 0.10-0.20 nm along the binding coordinate. Most of this can be traced to thermal fluctuations of Nqo4 loop β1-β2, Nqo6 loop α2-β2 and Nqo8 loop TM5-TM6 (Table S3) .
Besides the BS, pre-RS and RS positions already described in the main text, the Q-head may directly contact charged residues at sdCOM=1.8 nm and hydrogen bond with Nqo8 Arg45 and Nqo6 Arg69 (Fig. S3A) . The Q-tail forms several hydrophobic contacts with apolar residues particularly when isoprenoid units approach the chamber exit, the Nqo6 helix α2 and the Nqo4 loop β1-β2 (Fig. 1) .
Point mutations and Q-chamber stability
Point mutations on residues in the Q-chamber perturb assembly of the complex and its enzymatic activity (Table S5 ). 8 Several of these mutations are known to be pathological in humans. 6,7 Interestingly, mutations on the less flexible residues Nqo8 E35, R36, R45, D62, performing stable ionic contacts (Fig. S7 ) in the opposite side of the membrane arm, near Nqo8 helices TM1 and AH1, are more deleterious and reduce the content of assembled complex I, unless a conservative mutation is observed. These four residues also show the highest conservations among the Q-chamber (Table S4 ). There is more plasticity on the network of ionic contacts on the side of the E-channel which fluctuate often during our simulations (Fig. S7 ). Mutations (Nqo8 E163, E213, R216, E223, E225, E248 and R294) are less deleterious and activity is maintained even when a charge is reversed (such as E163K, Table S5 ). Thus, ionic contacts on the side of Nqo8 helices TM1 and AH1 have an essential structural role and keep the Q-chamber architecture. Contacts on the E-channel side near Nqo8 helices TM5 and TM6, and Nqo6 β1 strand may fluctuate without disrupting the enzyme structure. These "controlled" fluctuations may be explored by evolution in order to modulate enzyme activity. Indeed, it has been shown recently that localized unfolding of Nqo8 TM5 and TM6 and Nqo6 β1 is involved in the active-to-deactive transition observed in mammalian complex I. 67
Possible role of Q binding in activation of the E-channel
The network of ionic contacts near the chamber is perturbed by passage of Q, specially contacts located on the membrane arm side (Fig. S7) . The Q-head forms hydrogen bonds with Nqo8 Arg36 in the BS (sdCOM=1.4 nm, Fig. 2F ), leading to rupture of the Arg36-Glu66(Nqo6) salt bridge, which otherwise remains stable along Q binding. Contact Arg36-Asp62, although formed transiently before the BS, is only stable in sdCOM>1.4 nm, after Q passage towards the RS (Fig. S7C ). Nqo6 Arg69 forms transient salt bridges with both Nqo8 Glu223 and Glu225. After passage of Q and hydrogen bonding with the Q-head (sdCOM=2.3 nm, Fig. 2F ), only Arg69 bridge with Glu225 remains stable and the contact with Glu223 may no longer be formed (sdCOM>2.3 nm, Fig. S7B ). When not coordinated with Arg69, the flexible Glu223 approaches Nqo8 Arg216 (in sdCOM=0.3, 1.2, 2.2 and 3.1 nm, Fig. S7D ) disturbing its contact with Glu213, which in turn may approach Glu163 (Fig. S7F ), the following residue in the Echannel (Fig. 1B) . Note that Glu223 never approaches Glu213 itself (Fig. S7E ). Additionally, when Q is in the RS (sdCOM> 3.5 nm), the otherwise stable bridge Arg216-Glu248 in Nqo8 is slightly perturbed (Fig. S7D) , bridge Arg216-Glu213 has the closest contact over the binding process and Glu213 is the farthest from Glu163 (Fig. S7F ).
This highly hydrated network of ionic contacts has been proposed to be involved in a putative Nqo8 proton pumping channel and in the coupling between the Q redox process and proton pumping in the membrane arm, via the E-channel. 8,21, 24, 51 The above observations allow us to speculate a possible role for Q transit in the coupling mechanism. When Q is unbound from complex I, the proton pumps should be deactivated as no electron transport will take part. This is in line with the large Glu213-Glu163 distances seen for sdCOM<2.0 nm. As Q loads the chamber, the ionic network is perturbed as described above, Glu213 approaches Glu163, and the E-channel may propagate a "ready-to-go" signal to the proton channels. As soon as Q is reduced and binds the H + from Nqo4 His38, Asp139 (Asp160 in bovine numbering) may twist and contact Arg294 which in turn complete activation of the E-channel to trigger proton transfer.
In summary, the network of charged residues close to the BS may function as an ionic interface separating the hydrophobic exterior (apolar residues and lipid) from the more hydrated Qchamber interior, much like the zwitterionic head in a phospholipid is at the membrane interface (Fig. 2B) . Accurate molecular simulations of the correlated motions found on this network of residues in complex I may require more realistic model compositions such as representing the electrochemical gradient across the membrane. Figure S1 : Residues along the Q-chamber which C α was used for definition of dCOM and Path CV reaction coordinates. Bound Q 10 is also shown. For dCOM, Nqo4 (light blue) residues Q33, H38, G39, V40, T135, L143, T144, P402, V403 and M404 were used. For Path CV, Nqo4 residues Q33, S36, T37, H38, G39, V40, Y87, T135, L138, L143, F146, F147, F150, P402, V403, M404, Nqo6 (cyan) residues S35, W37, P38, T40, L43, A47, I48, M51, A52, D55, E66, V67, F68, R69, A70, and Nqo8 (pale green) residues F28, A29, T32, E35, R36, L39, Q43, R45, P59, D62, A63, K65, S66, F219, L221, E223, E225, Q226, H233, W241, A242, Q245, M246, Y249 were used. a In addition to windows in dCOM range 0.43-3.43 nm and 3.60-4.10 nm separated by 0.1nm. No restrain was applied to Path CV when a reference value for this coordinate is not listed. S10 Table S3 : Root mean-squared deviation (in nm) of the C α position for different structural models and groups of residues in the Q-chamber. The initial protein model (see Methods) was used as a reference structure. a The average plus one-standard deviation RMSD range observed over the full reaction coordinate of the Q 10 US simulation is shown. The given structural codes correspond to PDB IDs 4HEA for T. thermophilus, 8 4WZ7 for Y. lipolytica, 9 5LC5 for bovine, 10 5LNK for ovine 10 and 6G2J for mouse. 13 S11 a Although Nqo6 E66 is not conserved (a gap may be found in the alignment), the side chain of PSST D80 in the mammalian enzymes occupies the same spacial position as Nqo6 E66 in T. Thermophilus. 
Structural model a
